Introduction
============

Diabetes mellitus is currently classified into two types: type 1 (insulin-dependent diabetes) and type 2 (non-insulin-dependent diabetes).[@b1-ijgm-6-181] Type 1 diabetes is primarily linked to insulin deficiency (due to dysfunction of pancreatic β-cells), representing \<20% of all diabetic cases.[@b2-ijgm-6-181] In contrast, type 2 diabetes with a \>80% incidence rate involves multiple factors, such as defects in insulin secretion, insulin resistance at peripheral sites, and elevated hepatic glucose (Glc) production.[@b2-ijgm-6-181],[@b3-ijgm-6-181] Hence, type 2 diabetes has a higher prevalence with more complex etiologies compared to type 1. In addition, type 1 diabetes is more manageable through insulin injection, whereas the primary problem with type 2 diabetes is not insulin deficiency but insulin resistance, making it more difficult to treat.[@b3-ijgm-6-181] In fact, because of this insulin resistance, current oral therapy using sulfonylurea derivatives,[@b4-ijgm-6-181] which mainly stimulate insulin secretion from pancreatic β-cells, often fails to achieve the expected level of efficacy. To enhance peripheral insulin sensitivity, pharmaceuticals such as troglitazone[@b5-ijgm-6-181] and metformin[@b6-ijgm-6-181] have also been developed. Although some improved glycemic control with these drugs has been reported, potential adverse effects had to be advised.[@b7-ijgm-6-181] Thus, it has become necessary to establish alternative means or find safer and more effective agents with which to overcome insulin resistance. This could be the most rational approach for improving treatment for type 2 diabetic patients.

SX-fraction (SXF) is a water-soluble bioactive glycoprotein with a \~20,000 Da molecular weight, that has exhibited hypoglycemic activity in diabetic mice and in a few clinical studies of type 2 patients.[@b8-ijgm-6-181]--[@b11-ijgm-6-181] Our clinical study shows that all seven diabetic patients demonstrated over 30% (30%--63%) decline in their fasting blood Glc (FBG) levels under a SXF regimen of 2--4 weeks ([Table 1](#t1-ijgm-6-181){ref-type="table"}). None of the participants presented palpable ailments or adverse effects linked to SXF during the trial, further demonstrating its safety in human use. However, the hypoglycemic mechanism of SXF or how it would work is not yet fully understood. We then hypothesized that SXF might enhance insulin sensitization by acting on the insulin signal transduction pathway.

Currently, how or why insulin-targeting tissues/organs would become insulin resistant remains unknown, but it has been postulated that the insulin receptor (IR) might present an important clue.[@b12-ijgm-6-181] The IR is a heterotetrameric glycoprotein consisting of two α-subunits and two β-subunits.[@b12-ijgm-6-181] The binding of insulin to the α-subunits of the IR induces a conformational change that leads to trans-autophosphorylation of tyrosine residues on the *β*-subunits, activating their tyrosine kinase activity.[@b12-ijgm-6-181],[@b13-ijgm-6-181] One such tyrosine residue, tyrosine 972, when being phosphorylated, serves as a binding site for the phosphotyrosine binding domains of IR substrate 1 (IRS- 1), whose tyrosine residues are then phosphorylated.[@b12-ijgm-6-181],[@b14-ijgm-6-181] This tyrosine-phosphorylated IRS-1 acts as a docking site/molecule that binds to and activates phosphatidylinositol 3-kinase (PI3K), which in turn activates serine/threonine kinase Akt (protein kinase B).[@b12-ijgm-6-181],[@b13-ijgm-6-181],[@b15-ijgm-6-181],[@b16-ijgm-6-181] Activated Akt induces the translocation of Glc transporter 4 (GLUT4) to the plasma membrane, ultimately promoting Glc uptake by insulin responsive cells.[@b13-ijgm-6-181],[@b15-ijgm-6-181],[@b17-ijgm-6-181] This is rather a simplified scheme of the insulin signal transduction pathway, which is triggered by activation of the IR (with insulin) and undergoes the cascade of biochemical events described above. Two other insulin signal pathways have also been postulated;[@b14-ijgm-6-181],[@b15-ijgm-6-181] it is indeed a complex biochemical process and more studies are required for further elaboration. Nevertheless, insulin resistance (of the IR) developed by the undefined (acquired and inherited) causes would block the signal pathway, resulting in an accumulation of Glc in the circulation (ie, hyperglycemia). It is then possible that a prolonged hyperglycemic milieu may further inactivate or keep insensitizing the IR/IRS-1, thereby developing into the chronic hyperglycemic condition (ie, diabetes). Thus, one rational approach to overcoming such insulin resistance would be by (re)activating the IR/IRS-1 to successfully execute the entire signal transduction pathway.

Accordingly, we investigated the effects of Glc on the insulin signal pathway and if hypoglycemic action of SXF might also target the same pathway. Particularly, we focused on the effects of Glc and/or SXF on the phosphorylation status of IR, IRS-1, and Akt, which would specially indicate their activation status. The skeletal muscle L6 cells were used as an in vitro model in this study.[@b18-ijgm-6-181] In addition, a Glc uptake study[@b17-ijgm-6-181],[@b18-ijgm-6-181] was performed to assess the potential improvement in Glc uptake with SXF. More details and notable findings are described and discussed herein.

Materials and methods
=====================

Cell culture
------------

Rat skeletal muscle L6 cells were obtained from the American Type Culture Collection (\[ATCC\] Manassas, VA, USA) and maintained in RPMI 1640 medium containing 10% fetal bovine serum (FBS), penicillin (100 U/mL), and streptomycin (100 μg/mL). SXF was a kind gift from the manufacturer (Mushroom Wisdom, Inc, East Rutherford, NJ, USA). For experiments, each 5 mL cell culture was placed in T-25 culture flasks at the initial cell density of 5 × 10^4^ cells/mL until they reached \~90% confluence (usually within 3 days). Spent medium was discarded and fresh Dulbecco's modified Eagle's medium (DMEM) containing 2% FBS (with penicillin and streptomycin) was added to all flasks and incubated until they were differentiated to myotubes expressing IR, IRS-1, and other biochemical parameters.[@b18-ijgm-6-181] This differentiation process usually took 7--10 days, and DMEM was replenished every 3--4 days. Once L6 cells were differentiated (after \~2 weeks), they were first treated with Glc for 24 hours and then treated with SXF or insulin for 15 minutes. Following this brief incubation, all cells were harvested and stored at −80°C until use.

Preparation of cell lysates (cytosolic proteins)
------------------------------------------------

Cell lysis was performed on ice, following the manufacturer's protocol (Life Technologies, Carlsbad, CA, USA). Harvested cells (cell pellets) from control or agent-treated cells were resuspended in cell extraction buffer and lysed by 30-minute incubation on ice with vortexing every 10 minutes. Cell lysates were then obtained by centrifugation at 13,000 rpm for 10 minutes at 4°C, and the protein concentration of each sample was determined using Pierce Protein Assay Reagent (Thermo Scientific, Rockford, IL, USA) on a spectrophotometer. All cell lysates were stored at −80°C until use.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

This assay was performed following the manufacturer's protocol (Life Technologies). Briefly, 40 μg of cell lysates prepared above was added to the 96-well plate coated with specific antibodies, ie, anti-IR tyrosine residue (y), -IRS-1 serine residue (s), or -Akt serine residue (s), and incubated for 2 hours at room temperature (RT) to allow the antigen--antibody binding. Several different concentrations of standards for each of IR(y), IRS-1(s), and Akt(s) were also run in parallel. After discarding cell lysates and washing sample wells, antibody detection solution was added to the plate, followed by 1-hour incubation at RT. After removing solution and washing wells, antibody conjugate (anti-rabbit IgG-HRP) was added to the plate that was incubated for 30 minutes at RT. After washing wells, chromogen solution was added to all wells, which were then incubated in the dark for 30 minutes at RT to yield blue-colored products for detection. Following 30-minute incubation, stop solution was added to all wells (changed to yellow color) to terminate the colorimetric reaction. The intensities of colored products were then quantitated using a microplate reader at 450 nm. The phosphorylation levels of IR(y), IRS-1(s), or Akt(s) were estimated relative to those of the respective standards.

Measurement of 2-deoxyglucose (DOG) uptake
------------------------------------------

Assay for 2-DOG uptake was performed following the method of Prabhakar and Doble,[@b19-ijgm-6-181] with some modifications. Differentiated cells in a 6-well plate were treated with high Glc for 24 hours. All wells were then washed thoroughly with Krebs-Ringer-Phosphate (KRP) buffer (20 mM HEPES, pH 7.4, 120 mM NaCl, 5 mM KCl, 2 mM CaCl~2~, 1.5 mM MgSO~4~, 1.5 mM KH~2~PO~4~) to remove residual Glc. One milliliter of KRP buffer containing 0.1% bovine serum albumin (BSA) (w/v) was added to each well and the cells in specified wells were also exposed to SXF or insulin for 15 minutes. After this brief exposure, Glc uptake was initiated by adding a radioactive ligand, 2-deoxy-D-\[1-^3^H\]-glucose (\[^3^H\]-DOG; specific activity of 10 Ci/mmol), to all wells and incubated for 20 minutes at 37°C. Cells were washed three times with ice-cold phosphate-buffered saline (PBS) and solubilized in 0.1 N NaOH. A 200 μL aliquot of cell lysis was measured, using a scintillation counter, for the radioactivity (\[^3^H\]-DOG) incorporated into (taken up by) the cells. Background radioactive count (cpm) was determined by a blank without cell lysis and all counts were normalized by subtracting this baseline cpm. The amount of Glc uptake was then expressed by the percent relative to controls (100%).

Statistical analysis
--------------------

All data were presented as mean ± standard deviation (SD), and statistical differences between groups were assessed with either one-way analysis of variance (ANOVA) or the unpaired Student's *t*-test. Values of *P* \< 0.05 were considered to indicate statistical significance.

Results
=======

Effects of Glc on IR(y) and IRS-1(s) in differentiated L6 cells (myotubes)
--------------------------------------------------------------------------

We first examined whether antibodies we would use in this study were indeed specific and appropriate for detecting the IR(y) and IRS-1(s) in differentiated L6 cells (myotubes). These were exposed to three different concentrations of Glc -- low (5.5 mM), medium (20 mM), or high (35 mM) -- and the phosphorylation status of IR(y) and IRS-1(s), which would directly reflect their biological activities, was analyzed at 24 hours using ELISA.

[Figure 1](#f1-ijgm-6-181){ref-type="fig"} shows that the phosphorylation level of IR(y) declined, while that of IRS-1(s) elevated as Glc concentrations increased. Such a decrease in IR(y) and increase in IRS-1(s) phosphorylation would indicate inactivation of IR and IRS-1,[@b12-ijgm-6-181],[@b16-ijgm-6-181] which could then prevent the subsequent signaling events. For the signal pathway to proceed, IR(y) must be preferentially more phosphorylated and activated while IRS-1(s) must be less phosphorylated and inactivated. Meanwhile, as high (35 mM) Glc had the most distinctive effects, the rest of our study was performed with this Glc concentration.

Effects of SXF or insulin on IR(y) phosphorylation under high Glc
=================================================================

We examined the effects of SXF or insulin (as a positive control) on the phosphorylation status of IR(y) in the presence of high Glc (35 mM) in differentiated cells (myotubes). Following 24-hour incubation, the cells treated with Glc were exposed to SXF (300 μg/mL) or insulin (100 nM) for 15 minutes. After a brief 15-minute exposure, all cells were harvested and their cell lysates were subjected to ELISA for IR(y). It should be noted that our pilot study confirmed that 15-minute exposure was as good/effective as 30 or 60 minutes with no apparent differences in the outcomes (data not shown).

[Figure 2](#f2-ijgm-6-181){ref-type="fig"} shows that the IR(y) phosphorylation level of control cells was decreased by \~15% with 24-hour Glc treatment (*P* \< 0.05), indicating the loss of IR activity. However, SXF was able to elevate the reduced IR(y) level to \~10% higher than controls or \~29% greater than Glc-suppressed cell group (*P* \< 0.05). This elevated IR(y) level with SXF was also as high as that with insulin exposure (*P* \< 0.05). Thus, these results suggest that SXF may reactivate Glc-inactivated IR capable of transducing the signal to carry on the subsequent events.

Effects of SXF or insulin on IRS-1(s) phosphorylation
=====================================================

We next examined the effects of SXF or insulin on IRS-1(s) phosphorylation. Cells treated with Glc for 24 hours were briefly (15 minutes) exposed to SXF (300 μg/mL) or insulin (100 nM), followed by ELISA for IRS-1(s).

[Figure 3](#f3-ijgm-6-181){ref-type="fig"} shows that high Glc increased IRS-1(s) phosphorylation by \~12% higher than controls (*P* \< 0.05), indicating inactivation of IRS-1. Yet, SXF was capable of reducing such an elevated IRS-1(s) level by \~11% lower than controls or \~20% lower than a Glc-enhanced cell group (*P* \< 0.05). Insulin also reduced the IRS-1(s) level similar to that of SXF exposure (*P* \< 0.05). Since this reduction in IRS-1(s) phosphorylation with SXF indicates activation of IRS-1,[@b16-ijgm-6-181] the subsequent signaling events would presumably be carried out.

Effects of SXF or insulin on Akt(s) phosphorylation
===================================================

To assess continuity of the signaling cascade, the effects of SXF or insulin were examined on the phosphorylation status of Akt(s), because Akt is one of the key intermediate components in the signal pathway and its increased phosphorylation level (mediated through PI3K) is indicative of its activation.[@b13-ijgm-6-181],[@b17-ijgm-6-181] Following 24-hour Glc treatment, those cells were briefly (15 minutes) exposed to SXF (300 μg/mL) or insulin (100 nM), followed by ELISA for Akt(s).

[Figure 4](#f4-ijgm-6-181){ref-type="fig"} shows that the phosphorylation level of Akt(s) in Glc-treated cells was \~42% lower than in controls (*P* \< 0.03), indicating inactivation of Akt. However, this Akt inactivation (by Glc) was prevented with SXF, elevating the Glc-reduced Akt activity to \~2-fold (in Glc/SXF-treated cells) or to \~18% higher than in controls (*P* \< 0.01). Similarly, insulin was capable of raising the Glc-reduced Akt(s) level to \~2.1-fold (in Glc/INS-treated cells) or to \~22% higher than in controls (*P* \< 0.01). These results thus suggest that the signaling cascade was continuously carried out (with SXF) and would be continued further.

Effects of SXF or insulin on Glc uptake
=======================================

Lastly, how SXF or insulin would affect Glc uptake under high Glc was examined to assess the outcome of the completed signaling cascade. After 24-hour Glc treatment, cells were exposed to SXF (300 μg/mL) or insulin (100 nM) for 15 minutes, followed by Glc-uptake assay using (^3^H)-DOG.

[Figure 5](#f5-ijgm-6-181){ref-type="fig"} shows that the \~24% reduction in Glc uptake (*P* \< 0.05) with high Glc (compared to controls) was reversed with SXF, stimulating such a reduction to the \~1.5-fold greater uptake level (in Glc/SXF-treated cells) or to \~17% higher than in controls (*P* \< 0.03). As expected, insulin demonstrated the best stimulatory effects, with \~1.7-fold higher Glc uptake (in Glc/INS-treated cells) than in the Glc-reduced group as well as \~26% higher Glc uptake than in controls (*P* \< 0.03). Overall, initial activation of IR/IRS-1 with SXF may thus account for the successful completion of the signal pathway with increased Glc uptake.

Discussion
==========

To improve the efficacy of current treatment for type 2 diabetes, the potential effects of SXF extracted from maitake mushrooms have been investigated in animal and limited clinical settings.[@b9-ijgm-6-181]--[@b11-ijgm-6-181] Particularly, it was encouraging that the glycemic control of several diabetic patients under oral medications was significantly improved with a SXF regimen ([Table 1](#t1-ijgm-6-181){ref-type="table"}). While more controlled clinical trials on SXF need to be conducted to further verify its hypoglycemic effect, few studies have yet been performed to unveil the mode of hypoglycemic action of SXF. To gain an insight into the hypoglycemic mechanism of SXF, we investigated its effects on the insulin signal transduction pathway, ie, a cascade of biochemical events required for the glycemic control in response to insulin.[@b13-ijgm-6-181],[@b15-ijgm-6-181]

Insulin resistance is a common but complex pathological state and a major factor for developing type 2 diabetes, resulting in a dysfunction or impairment of the insulin signal pathway.[@b13-ijgm-6-181]--[@b16-ijgm-6-181] We thus investigated if SXF might positively act on the impaired signal pathway (under a high-Glc milieu) to overcome insulin resistance using an in vitro model. Our primary objective was to assess the effects of SXF on three key components, IR, IRS-1, and Akt, which play a pivotal role in the signal pathway. Such study may then provide us with valuable information.

We first examined how a prolonged hyperglycemic condition would actually affect biological activities of IR, IRS-1, or Akt. Our study showed that high Glc (35 mM) significantly inactivated both IR and IRS-1 in 24 hours, indicated by the decrease in IR(y) and the increase in IRS-1(s) phosphorylation levels, respectively ([Figures 2](#f2-ijgm-6-181){ref-type="fig"} and [3](#f3-ijgm-6-181){ref-type="fig"}). It should be clarified that, generally, the phosphorylation status of the tyrosine residues in both IR(y) and IRS-1(y) would be assessed for their activities; however, the serine phosphorylation status was examined in IRS-1 instead, due to unavailability of appropriate anti-tyrosine antibody in this study. It has been shown that IRS-1 contained several tyrosine phosphorylation sites and 50 potential serine/threonine phosphorylation sites,[@b16-ijgm-6-181] and serine phosphorylation of IRS-1 would impair its tyrosine phosphorylation, causing it to become inactivated and serve as a poor IR substrate.[@b20-ijgm-6-181] Such serine-phosphorylated IRS-1 may then attenuate the rest of the signal pathway (whereas tyrosine-phosphorylated IRS-1 would facilitate the pathway). It is thus plausible that a fine balance between tyrosine and serine phosphorylation of IRS-1 will regulate the IRS-1 activity and functions. Change in this equilibrium could also lead to pathological conditions such as insulin resistance. In fact, the development of insulin resistance is shown to be associated with serine/threonine phosphorylation of IRS-1;[@b13-ijgm-6-181],[@b14-ijgm-6-181],[@b21-ijgm-6-181] after all, although high Glc inactivated both IR and IRS-1, SXF was capable of (re)activating them and facilitating the signaling cascade.

While activation of IR and IRS-1 with SXF (under high Glc) was considered the early critical step in the signal pathway, it was also important to assess the status of another key element, Akt, during the progress of the signaling events. Actually, activated IRS-1 is responsible for activation of PI3K, which in turn promotes serine/threonine phosphorylation of Akt for its activation.[@b13-ijgm-6-181],[@b15-ijgm-6-181],[@b17-ijgm-6-181] This Akt activation is crucial because it would not only advance the pathway, but also facilitate/induce the final stage of the pathway, ie, the translocation of GLUT 4.[@b13-ijgm-6-181],[@b17-ijgm-6-181] Although high Glc inactivated Akt, SXF was capable of significantly (re)activating it, evidenced by the increased Akt(s) phosphorylation level ([Figure 4](#f4-ijgm-6-181){ref-type="fig"}). This finding suggests that the signal pathway continued successfully through activation of PI3K, which was essentially required for subsequent activation of Akt.

Finally, Glc uptake was measured to evaluate the overall outcomes of the SXF-initiated signal pathway under high Glc. Although the amount of Glc uptake by the cells was considerably reduced with high Glc, SXF promoted this impaired Glc uptake greatly as its level reached even higher than in controls. Thus, these results suggest that the signal pathway being impaired with high Glc could be (re) activated or turned on by SXF and successfully completed with increased Glc uptake.

We assume that this increased Glc uptake (with SXF) would presumably result from GLUT 4 translocation to the plasma membrane, which is induced by activated Akt,[@b17-ijgm-6-181] although we did not examine the cellular localization of GLUT4 in this study. For further confirmation, such a study is currently underway in our laboratory.

Conclusion
==========

SXF may primarily target or act on the insulin signal transduction pathway, overcoming insulin resistance (of IR and IRS-1) to carry on the subsequent signaling events. This may account for the possible hypoglycemic action of SXF.
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![Effects of varying concentrations of Glc on the phosphorylation levels of IR(y) or IRS-1(s) in L6 myotubes.\
**Notes:** After cells were exposed to low (as control, 5.5 mM), medium (20 mM), or high (35 mM) concentrations of Glc for 24 hours, the phosphorylation status of IR(y) or IRS-1(s) was analyzed and expressed by the absorbance readings at 450 nm. All data are mean ± SD from three separate experiments (\**P* \< 0.05 versus respective control).\
**Abbreviations:** A~450~, absorbance at 450 nm; Glc, glucose; IR, insulin receptor; IRS-1, IR substrate 1; (s), serine residue; SD, standard deviation; (y), tyrosine residue.](ijgm-6-181f1){#f1-ijgm-6-181}

![Effects of SXF or INS on IR(y) phosphorylation under high (35 mM) Glc.\
**Notes:** Following 24-hour high Glc treatment, cells were exposed to SXF (300 μg/mL) or INS (100 nM) for 15 minutes and IR(y) was analyzed using ELISA. All data are mean ± SD from three independent experiments (\**P* \< 0.05 versus Glc-treated or \*\**P* \< 0.05 versus control).\
**Abbreviations:** A~450~, absorbance at 450 nm; Con, control; ELISA, enzyme-linked immunosorbent assay; Glc, glucose; INS, insulin; IR, insulin receptor; SD, standard deviation; SXF, SX-fraction; (y), tyrosine residue.](ijgm-6-181f2){#f2-ijgm-6-181}

![Effects of SXF or INS on IRS-1(s) phosphorylation under high Glc.\
**Notes:** Following 24-hour high Glc treatment, cells were exposed to SXF (300 μg/mL) or INS (100 nM) for 15 minutes and IRS-1(s) was analyzed using ELISA. All data are mean ± SD from three separate experiments (\**P* \< 0.05 versus Glc-treated or \*\**P* \< 0.05 versus control).\
**Abbreviations:** A~450~, absorbance at 450 nm; Con, control; ELISA, enzyme-linked immunosorbent assay; Glc, glucose; INS, insulin; IRS-1, insulin receptor substrate 1; (s), serine residue; SD, standard deviation; SXF, SX-fraction.](ijgm-6-181f3){#f3-ijgm-6-181}

![Effects of SXF or INS on Akt(s) phosphorylation under high Glc.\
**Notes:** Following 24-hour high Glc treatment, cells were exposed to SXF (300 μg/mL) or INS (100 nM) for 15 minutes and Akt(s) was analyzed using ELISA. All data are mean ± SD from three separate experiments (\**P* \< 0.01 versus Glc-treated or \*\**P* \< 0.03 versus control).\
**Abbreviations:** A~450~, absorbance at 450 nm; Con, control; ELISA, enzyme-linked immunosorbent assay; Glc, glucose; INS, insulin; (s), serine residue; SD, standard deviation; SXF, SX-fraction.](ijgm-6-181f4){#f4-ijgm-6-181}

![Effects of SXF or INS on glucose uptake.\
**Notes:** Following 24-hour Glc treatment and 15-minute SXF or INS exposure, Glc uptake was measured using a radioactive ligand and expressed by the percent relative to control (100%). All data are mean ± SD from three separate experiments (\**P* \< 0.03 versus Glc-treated or \*\**P* \< 0.05 versus control).\
**Abbreviations:** Con, control; Glc, glucose; INS, insulin; SD, standard deviation; SXF, SX-fraction.](ijgm-6-181f5){#f5-ijgm-6-181}

###### 

Hypoglycemic effects of SXF on type 2 diabetic patients

  Patients   Average FBG (mg/dL)   \% FBG decline with SXF[a](#tfn2-ijgm-6-181){ref-type="table-fn"}              
  ---------- --------------------- ------------------------------------------------------------------- ---------- ------
  44         M                     \~260                                                               90--100    \~63
  75         F                     \~200                                                               110--130   \~40
  25         F                     150--180                                                            110--120   \~30
  37         M                     180--200                                                            120--140   \~32
  41         M                     \~210                                                               100--110   \~50
  64         F                     \~220                                                               130--150   \~37
  53         F                     170--190                                                            100--110   \~42

**Note:**

As all patients were under oral medication therapy, their average FBG levels before SXF were with medications while those after SXF were with both medications and SXF. Hence, the percent of FBG decline with SXF reflects the improved glycemic control with SXF.

**Abbreviations:** F, female; FBG, fasting blood glucose; M, male; SXF, SX-fraction.
